SUMMARY
Essential amino acids cannot be synthesized by humans and animals. They often are limiting in plant-derived foods and determine the nutritional value of a given diet [1] . Seeds and fruits often represent the harvestable portion of plants. In order to improve the amino acid composition of these tissues, it is indispensable to understand how these substrates are transported within the plant. Amino acids result from nitrogen assimilation, which often occurs in leaves, the source tissue. They are transported via the vasculature, the xylem, and the phloem into the seeds, the so-called sink tissue, where they are stored or consumed. In seeds, several tissues are symplasmically isolated [2, 3] , i.e., not connected by plasmodesmata, channels in the cell walls that enable a cytoplasmic continuum in plants [4] . Consequently, amino acids must be exported from cells into the apoplast and re-imported many times to support seed development. Several amino acid importers are known, but exporters remained elusive [5, 6] . Here, we characterize four members of the plant-specific UmamiT transporter family from Arabidopsis, related to the amino acid facilitator SIAR1 and the vacuolar auxin transporter WAT1 [7, 8] . We show that the proteins transport amino acids along their (electro)chemical potential across the plasma membrane. In seeds, they are found in tissues from which amino acids are exported. Loss-of-function mutants accumulate high levels of free amino acids in fruits and produce smaller seeds. Our results strongly suggest a crucial role for the UmamiTs in amino acid export and possibly a means to improve yield quality.
RESULTS AND DISCUSSION

Identification of Four Vasculature-Associated and Plasma-Membrane-Localized Proteins, Highly Expressed in Fruits
The assimilation of inorganic nitrogen into amino acids takes place in roots and leaves of plants-depending on the species and the time of day. Amino acids are the main transport form of reduced nitrogen in plants. Whereas sugars are generally not transported in the xylem, albeit some trees (e.g., maple) transport considerable amounts of sugar in the xylem in spring, amino acids are generally transported in both tissues of the plant's vasculature, the phloem and the xylem. A large number of amino acid transporters are dedicated to the short-distance transport of these substrates across membranes. Also the long-distance transport requires that amino acids are loaded into the vasculature of tissues that produce a surplus of amino acids (source tissues) and to unload them in sink tissues, e.g., seeds, that cannot support their own demand by assimilation of nitrogen. Amino acid importers of plants usually are secondary active transporters of the amino acid transporter family (ATF) or the amino acid-polyamine-organocation (APC) family of transporters [6] . Recently, a bidirectional amino acid facilitator, called SIAR1, was described in Arabidopsis. This protein is a member of the DMT family of plant-specific transporters that consists of 44 members in Arabidopsis [7] . The biochemical properties of SIAR1 were consistent with a role in amino acid export, a phenomenon that was known to be important, but the identity of the molecular players was unknown [5] . In the recent version of the Arabidopsis information resource (TAIR), the SIAR1 homologs are now called ''usually multiple amino acids move in and out transporters'' (UmamiTs). The name was also chosen because umami is the taste associated with the amino acid glutamate. It must, however, be mentioned that this nomenclature is not due to structural similarity with the umami T1R1/T1R3 taste receptors found in animals [9] . In order to identify amino acid transporters that are involved in phloem unloading, we searched for UmamiTs that are co-expressed with the sieve element (SE) marker RS6 [10] and/or are induced in root knot nematode-infected roots that are particularly rich in unloading protophloem [11, 12] . Using these criteria, we found four UmamiTs: UmamiT11 (TAIR: At2g40900); UmamiT14 (TAIR: At2g39510); UmamiT28 (TAIR: At1g01070); and UmamiT29 (TAIR: At4g01430). UmamiT11 and UmamiT14 belong to the clade III group and UmamiT28 and UmamiT29 to the clade I group of UmamiTs, according to the previously published phylogeny [7] . A cladogram to illustrate the relationships of the UmamiTs under investigation is shown in Figure S1A . In order to investigate the expression pattern of the four genes, we performed real-time RT-PCR and promoter reporter gene experiments. Figure 1A shows that, in roots and leaves, the RNA level of all four genes is similar. In agreement with this, we found no difference in the staining pattern of the four genes when promoter:GUS plants were analyzed ( Figures 1B, 1C , and S1G-S1L). In all cases, the staining was found to be associated with the vasculature, indicating a possibly redundant function in the long-distance transport of amino acids in these tissues. When we investigated the RNA levels in flowers and siliques (fruits) of Arabidopsis, we found that the expression levels between the individual genes was divergent, suggesting unique functions for the four genes during fruit maturation and seed development ( Figure 1A ). The mostnoticeable example was UmamiT28, which is absent from young siliques but highly abundant in older siliques. In order to investigate whether the UmamiTs have a role in amino acid export from cells, we also checked whether the proteins are plasma membrane localized ( Figures 1D-1F and S1B-S1F). Similar to the previously published UmamiT18 (SIAR1) [7] , but in contrast to the tonoplast-localized UmamiT5 (WAT1) [8, 13] , all proteins under investigation were found to be plasma membrane localized, consistent with a role in amino acid export from cells into the apoplast.
The Four UmamiTs Are Bidirectional Amino Acid Facilitators
In order to examine whether the four UmamiTs under investigation are functional amino acid transporters, we initially investigated their ability to complement yeast mutants deficient in the uptake of glutamate. Figures 2A-2D summarizes the results obtained for UmamiT14. We found that yeast cells expressing the transporter exhibited zero-order kinetics of glutamate uptake that were clearly different from the negative control ( Figure 2A ).
Applying the Michaelis-Menten model, we determined the concentration dependence of glutamate uptake and found the K m (i.e., the substrate affinity) to be approximately 15 mM, which is well within the physiological range of this amino acid (see below and [14] ). The pH dependence of glutamate import was in the acidic range, and uptake was virtually abolished at neutral pH values ( Figure 2C ). This property is characteristic for plasmamembrane-localized transporters that face the apoplast whose pH is also acidic. Whether this pH dependence is due to the properties of the transporter itself at the respective pH, i.e., its charge, or due to proton symport remains to be established. In order to visualize the localization of the transporter in yeast, we fused the cDNA to GFP and performed confocal microscopy (not shown). We found that the majority of fluorescence-in contrast to the clear plasma membrane localization in plants ( Figures 1D-1F and S1B-S1F)-was found in internal membranes, which explains the poor transport rates. Due to this obstacle, we were only able to perform a very limited competition experiment ( Figure 2D ). We found that, at a 10-fold excess, as expected, unlabeled glutamate reduced the uptake of radiolabeled glutamate. In contrast, the positively charged amino acid lysine did not compete for glutamate uptake, indicating that, under these conditions, glutamate is taken up preferentially. We further tested whether citrulline, a polar, non-proteinogenic a-amino acid with a favorable N/C ratio, could compete for glutamate uptake. Indeed, at a 10-fold excess, citrulline reduced glutamate uptake even more than glutamate itself. We went on to show by transport studies that time-dependent citrulline uptake was linear over time and exhibited a low affinity for the substrate with a K m of approximately 120 mM ( Figures S2A and  S2B ). We could also show that citrulline, when injected into Xenopus oocytes, was released from the cells with zero-order kinetics ( Figure S2C ). We then used glutamine, a polar amino acid that is found in plants in large amounts, to show that all four UmamiTs under investigation are capable of exporting this substrate ( Figures 2E-2H ). The data are consistent with a transport mechanism where substrate flow is depending on the (electro)chemical gradient, but at the moment, also proton symport in the case of uptake and proton antiport in the case of efflux cannot be ruled out. Taken together, the results show that the UmamiTs can facilitate amino acid transport in both directions across the plasma membrane. Nevertheless, in seeds, where amino acids are consumed by the developing embryo, our data suggest that the four UmamiTs export amino acids from cells into the apoplast to support embryo growth. The role the UmamiTs play in amino acid transport is functionally equivalent to the role of the SWEETs in sugar export and sugar supply in the developing seed [15] [16] [17] [18] .
Differential Expression of the Four UmamiTs in the Unloading Domain and the Integuments during Seed Development
In order to investigate the expression domains of the four UmamiTs in seeds, we used UmamiT-GFP fusions, driven by their endogenous promoter, containing all endogenous introns, that complement the corresponding mutants (see below and Supplemental Experimental Procedures). We monitored fluorescence throughout seed development. Before fertilization, fluorescence was detected in the vasculature of the carpels and the placenta (Figures S2E-S2G ) but absent from the ovule. At this time, the phloem reaches through the funiculus and ends at the chalazal pole ( Figures 3B and 3C ) and consists of SEs (PD1 marker [19] , green) and companion cells (CCs) (SUC2 marker [20] , red). At its end, the phloem splits and consists of two terminal protophloem SEs ( Figure 3C, arrowheads) , which are nucleate and never accompanied by CCs. This arrangement of unloading phloem is very similar to that found in the root tip [21] . It was previously shown that, after fertilization, the phloem becomes connected to its directly surrounding cells by plasmodesmata, and the resulting symplasmically connected tissue was termed the unloading domain. During most of its development, the seed contains four symplasmic domains in addition to the unloading domain: the outer integument, consisting of two cell layers [22] ; the inner integument, consisting of two to three cell layers depending on the developmental status [22] ; the cellularizing endosperm; and the embryo ( Figure 3A ) [2, 3, 23] . These tissues are very poorly or not at all connected to each other by plasmodesmata and thus require export and subsequent import of assimilates to supply the embryo. Many of the amino acid importers involved were previously described (for review, see [6] ). The exporters are so far unknown [5] . We found that, after fertilization, UmamiT11 ( Figure 3D ) and UmamiT14 ( Figures 3E-3H ) both were present in the unloading domain at the end of the vasculature of the funiculus ( Figures  3F-3H ). The transporters localized to the plasma membrane of cells that were in direct contact with the protoxylem (Figure 3F ), the CCs (Figure 3G ), and the SEs ( Figure 3H ) but clearly different from these tissues. This suggests that, after fertilization, the unloading domain becomes a functional extension of the vasculature to facilitate the release of amino acids-and very likely other assimilates and nutrients-to support growth and development of the embryo that develops in the seed. For UmamiT11 and 14, both the transcript and the protein could be detected exclusively in the unloading domain throughout seed development ( Figures 3D-3F , 4D, and S3B-S3K). As suggested by the real-time RT-PCR results, UmamiT28 was found only later in seed development, starting at embryo torpedo stage in the innermost layer of the three-layered inner integument, the endothelium [24] . Additionally, fluorescence was observed in the cellularizing endosperm ( Figures 3I and 3J ). UmamiT29 was found from the early stages of embryo development until late torpedo stage in the middle layer of the three-layered inner integument ( Figure 3K ). In about 70% of our observations, the protein was preferentially found in the anticlinal membranes (arrowheads) and also inward-facing (arrows), indicating a role in the homogenous distribution of amino acids in this tissue layer as well as export from it toward the embryo. After late torpedo stage, UmamiT29 was not detected in this tissue anymore. Instead, it was found in the inner layer of the outer integument ( Figure 3L ). Taken together, the localization of the four UmamiTs is consistent with a role in amino acid unloading from the unloading domain of the vasculature and in facilitating export from all symplasmic domains where amino acid release is required. The direction of UmamiT-mediated transport is given by the consumption of amino acids in the growing embryo. This suggests that the four UmamiTs supply the embryo with amino acidssimilar to the SWEETs 11, 12, and 15 that supply the embryo with sucrose [18] .
Seed Size and Amino Acid Composition of Fruits Are Altered in umamit Loss-of-Function Mutants
In order to examine the physiological role and relevance of the UmamiTs, we analyzed T-DNA insertion mutants. We found by real-time PCR that the transcript levels were reduced to the detection limit, and we failed to obtain a full-length product by RT-PCR ( Figure S3A ). Additionally, we performed whole-mount in situ RNA hybridization to show that the transcripts of UmamiT11 and 14 were absent from the unloading domain throughout development ( Figures 4D, 4E , and S3B-S3K). Taken together, the T-DNA insertion lines are bona fide gene knockouts. To rule out growth condition effects as far as possible, we synchronized seeds (see Experimental Procedures) among the knockout lines, the corresponding wild-type (Col-0), and the putative complementation lines (UmamiT-GFP fusions described above in the corresponding mutant background). We reasoned that failure to unload amino acids from the expression domains of the individual transporters would lead to an accumulation of the level of free amino acids. Indeed, we found that the levels of many amino acids were significantly elevated in the mutants ( Figures 4A and 4B) . The statistical analysis, including the amino acids found at lower levels and the amino acid levels in the complemented lines can be found in Table S1 . It is noteworthy that citrulline levels, as suggested by the results from the heterologous expression, were low but significantly higher in the mutants. In general, the mildest effects were observed for the umamit11 mutant. The changes in the amino acid pattern were more similar between umamit11 and 14, both clade III UmamiTs, and between umamit28 and 29, clade I UmamiTs. Interestingly, differences between the two pairs could be observed. Whereas the levels of amino acids that were found in the highest amounts in wildtype increased further in umamit14 and, slightly, in umamit11 plants, the levels of these particular amino acids were affected to a lesser extent in umamit28 and 29 plants. In these plants, in contrast to umamit11 and 14, the levels of some small and nonpolar amino acids increased by a higher factor. This suggests that the clade I UmamiTs examined here share a substrate specificity that is similar in some cases to that of the clade III UmamiTs, but, nevertheless, the two groups also display clear substrate preferences. This suggests that the clade I UmamiTs and the clade III UmamiTs act in a similar fashion and perhaps redundantly. Higher complexity mutant combinations will be required to substantiate this hypothesis. The amino acid levels in complemented knockout lines were again reduced to those in wild-type plants, suggesting that the increase in the mutants is due to the loss of gene function (Table S1 ). Whereas we detected significant changes in the levels of free amino acids in fruits, the plants produced the same number of viable seeds as the wild-type. We therefore investigated whether seed size was affected in the mutants. Indeed, we found that seed volume was significantly (p < 0.001) reduced ( Figure 4C ). This was also true for both individual parameters, seed length, and width (not shown). It is worth noting that, in agreement with the results from the amino acid analyses, the seed size of umamit11 plants was least affected by the mutation. Taken together, the data suggest a crucial role for UmamiT11 and 14, perhaps acting together, in phloem unloading and UmamiT28 and 29 in amino acid export from different symplasmic domains of the developing seed ( Figure 4F ).
Conclusions
The data presented here suggest that UmamiT11, 14, 28, and 29 play an important role in developing seeds and are some of the long-sought molecular players in amino acid supply of the embryo. Whereas we have demonstrated that even single knockouts in these genes display strong phenotypes, other UmamiTs likely are additional players in these processes. We know that UmamiT18/SIAR1-and possibly others-are also expressed in the unloading domain [7] . It is also apparent that, given the very specific time windows in which UmamiT28 and 29 are detected in the respective tissues, other UmamiTs must be also operating in these tissues to ensure amino acid export. The analyses of knockout combinations and additionally the investigation of other UmamiTs will certainly be informative to understand amino acid export in detail. Finally, the investigation of UmamiTs could be extremely interesting in many crop plants, particularly legumes, which store high levels of protein in their seeds, to improve fruit amino acid levels and composition to increase yield quality. 
